We demonstrate controllable double magneto-optical traps (DMOTs) on an atom chip: At first, DMOTs, which trap atoms directly from the background rubidium vapor in an ultrahigh-vacuum environment, are realized on an atom chip simultaneously. The double quadrupole magnetic fields are produced by two separate U-shaped microwires on the atom chip, combined with a bias magnetic field. Then, we determine the best parameters for a U-shaped magneto-optical trap (UMOT) through a detailed comparison of the capture ability at different currents and the bias magnetic field between two different geometric sizes of UMOT. Finally, we demonstrate the mixing and splitting of the DMOTs on the atom chip with the help of an extra pair of anti-Helmholtz coils.
Currently, the atom chip is attracting more and more interest because of its inherent advantages of integration and miniaturization. Not only can all the traditional cold atom experiments be transferred to the atom chip, but also many novel applications have been proposed and realized [1, 2] , for example, theoretical or experimental research about controllable double magneto-optical traps (DMOTs) [3] [4] [5] , two species surface MOTs [6, 7] , stable double magnetic traps [8] , or even multiple MOTs [9] and multiple traps [10] [11] [12] [13] . Here we focus on controllable DMOTs for the following reasons: First, they are the basis for double magnetic traps and independent double BoseEinstein condensates (BECs) [8, [14] [15] [16] [17] . On the other hand, DMOTs are so close to each other that they provide a good physical system for studying cold collisions between different samples, including, for example, two isotope samples [6, 7, 18] . Furthermore, they could also be applied to the study of entanglement between different atom assemblies [19, 20] and even quantum registers for quantum computation and quantum teleportation [21] [22] [23] . In this paper, we describe how we have realized controllable DMOTs on our homemade atom chip experimentally. Compared with the original experimental works, such as two and multiple atom traps on an atom chip [8, [10] [11] [12] [13] , our DMOTs have the further advantage of directly trapping atoms from the background Rb vapor with the atom chip, without requiring a transfer from any other kind of trap, such as a mirror MOT or a Z trap. Furthermore, through a detailed comparison of the capture ability at different currents and the bias magnetic field between two different geometric sizes of U-shaped MOT (UMOT), we determine the best parameters for a UMOT [24, 25] .
Hence the DMOTs are optimized and the number of trapped atoms is more than 10 6 in each trap of our DMOTs. Thus the results will also be helpful for a UMOT or multiple UMOT design on an atom chip. In addition, we demonstrate the mixing and splitting of the DMOTs on the atom chip with the help of an extra pair of antiHelmholtz coils in the experiment.
Our atom chip is manufactured by combining the wet etching method with electroplating techniques [26] . After fabrication, the atom chip is placed in an ultrahigh vacuum with a glass cell. The wire structure on the atom chip is shown in Fig. 1 . Double dark U-shaped wires are 
where 0 is the susceptibility of vacuum, I is the operating current, r is the radial distance from the wire, and B ជ bias is the horizontal bias magnetic field. From Eq. (1), the three-dimensional magnetic distributions can be calculated. The result is shown in Fig. 2 . Figure 2 (a) is the magnetic distribution in the Z direction with different bias fields. The currents in both U-shaped wires are selected to be 1 A, which is the largest current we can use in the experiment in order to protect the U(b) wire from overheating. Figure 2 (b) is the magnetic field distribution in the X direction. Although the capture volume is determined by the capture lengths in three dimensions, the capture length in the Y direction can be assumed to be the same as in the Z direction, so a simple equation
where L is the lengths in the X direction} can be used to describe the capture volume. Then we obtain the capture volume of the double MOTs as shown in Fig. 2(c) . The capture volume of U(a) is almost twice as large as that of U(b) because the lengths in the X direction of the U-shaped wires are not the same in each case.
The experimental setup of the double MOTs is shown in Fig. 3 . Two pairs of laser beams are used to trap the atoms. The configuration is the same as a normal UMOT [24, 27] . Just two pairs of laser beams are needed in the experiment. One pair of laser beams is propagated in the plane of the chip, and the other pair is reflected by the chip surface at an angle of 45°. The double micro quadrupole magnetic fields are provided by two U-shaped wires on the chip, the axis of the double micro quadrupole magnetic fields also being tilted by 45°with respect to the mirror surface. An extra bias magnetic field is applied by a pair of Helmholtz coils. The diameter of the laser beams is 1 cm and the intensity is 9 mW/ cm 2 . The detuning of the cooling laser frequency is set to 13 MHz redshift with respect to the atomic resonance 85 Rb: 5S 1/2 , F =3→ 5P 3/2 , F = 4. The power of the repumping laser is 6 mW, and its frequency is tuned to the resonance
A Rb dispenser is used to produce atomic vapor. We first applied an intense current ͑5 A͒ on the dispenser to emit enough rubidium vapor and increase the vacuum from 1 ϫ 10 −7 to 8 ϫ 10 −6 Pa; then we kept this pressure during the experiment by reducing the current to 4 A. An ordinary CCD camera is used to monitor the atomic fluorescence of the trap area, and a digital CCD and image lenses are used to take the fluorescence picture and to measure the number of trapped atoms.
From Eq. (1) we know that the stronger the current we use, the bigger the capture volume we get. However, to protect both U-shaped wires, we select 1 A for both of them, this being the largest value that does not lead to thermal breakdown of the U(b) wire. We select the same current for both wires in order to evaluate the capture volume. When the bias field is set to 1 G, the capture volume of U(a) is approximately 40 mm 3 ; the field gradient is 5 G / cm. As shown in Fig. 4(b) , the DMOTs are realized simultaneously. This observation corresponds well to the theoretical calculation of the magnetic field distribution, shown in Fig. 4(a) . The central quadrupole magnetic field does not satisfy the MOT condition in both the magnetic field direction and laser beam polarization. The DMOT wells are thus 4 mm apart from each other (center to center) and 2 mm below the atom chip surface. As shown in Fig. 5(a) , the diameter of the U(a) MOT is approximately 1.5 mm, and the total number of trapped atoms is approximately 2 ϫ 10 6 . The diameter of the U(b) MOT is approximately 0.8 mm, and the total number of trapped atoms is approximately 1 ϫ 10 6 , as Fig. 5(b) showns. Thus, the number of atoms in the U(a) MOT is almost twice the number in the U(b) MOT. This coincides well with theory, as shown in Fig. 2(c) . Furthermore, as shown in the left To evaluate the capture ability and optimize the DMOTs, we measure the trapped atom number under different conditions. As shown in Fig. 6(a) , when keeping the currents stable at 0.8 A and altering the bias magnetic field, a 1.2 G bias magnetic field is the best choice for both MOTs. Then keeping the bias magnetic field at 1.2 Gauss, the trapped atom number versus different currents is shown in Fig. 6(b) . Furthermore, we do a brief quantitative calculation about the trapped atom number
where V is the capture volume, v c is the smallest capture velocity of the three directions, is the collision cross index, ␣ = I / I sat. is the saturated index, k B is the Boltzmann constant, m is the atomic mass, and T is the temperature of the background atoms) [5] . The results agree well with the experimental results as shown in Fig. 6 . From both the experiments and the quantitative calculation, we obtain that the field gradient ͑2B bias 2 / o I͒ equals 10 G / cm is the best choice for the DMOTs. Thus B bias = ͱ 0 I /20 is the best parameter for a UMOT. This ratio between the current and the bias magnetic field gives the best balance of the capture volume and the magnetic field gradient for the DMOTs because increasing one of those two parameters will decrease the other one at the same time and an efficient MOT always needs large values of those two parameters. In addition, from Fig. 6 we also note when a small current or a small bias magnetic field makes a comparative capture ability of the two different sizes of UMOT. This is determined by the field gradient in the X direction and for the reason that when the field gradient in the X direction is smaller than the other directions ͑10 G/cm͒, then the larger length will give a smaller field gradient, and hence affect the capture ability. Thus the U(b) can trap the same or even more atoms as the U(a). Thus we can get another optimized parameter for the UMOT ͑L X =20B bias ͒. For example, when the current is 1 A in the U-shaped wire, the best bias magnetic field is 1.4 G and the best length in the X direction ͑L X ͒ is 2.8 mm. These two are the basic parameters in a UMOT design. As Fig. 7 shows, the DMOTs can also be mixed and split with the help of an extra pair of anti-Helmholtz coils. This pair of anti-Helmholtz coils whose center is located in the middle of the DMOTs is used to trap the mirror MOT, and it can provide a 2 G / cm gradient field with a 1 A current. When the DMOTs are realized, we increase the currents in these coils from 0 to 5 A slowly and detect the mixing process of the DMOTs, as shown in Fig. 8(a) . Then we decrease the currents from 5 to 0 A slowly, and the MOT is split back into the DMOTs, as shown in Fig. 8(b) . Then we increase the currents step by step and measure the split distance, as shown in Fig. 9 .
Furthermore, this scheme for realizing double MOTs can be easily extended to 1D or 2D arrays of surface MOTs or used to prepare a 1D or 2D MOT lattice [9] . For example, if an array of U-shaped wires is fabricated on a chip, then with exactly the same configuration of laser beams, an array of UMOTs can be realized simultaneously. When altering the optical beams from a Gaussian beam to a plane beam, all the UMOTs will have the same capture efficiency.
In conclusion, we have demonstrated the realization of DMOTs on an atom chip experimentally, and the results coincide well with the theory. In addition, we find out the optimized parameters for a UMOT by comparing the capture ability of the DMOTs. Those two parameters will be helpful for a UMOT or multiple UMOT design on an atom chip. Furthermore, we demonstrate the mixing and splitting of the DMOTs with the help of an extra pair of antiHelmholtz coils on the atom chip. Our results also prove that trapping atoms in double or even more complex MOTs fabricated simultaneously on an atom chip can be performed directly from a background atomic vapor. 
